By preventing surface alloying during growth of Sn on Cu(111) at 100 K, we discovered two novel nonalloying surface reconstructions, denoted as lower-coverage (LC) and higher-coverage (HC) phases. They were investigated with low energy electron diffraction (LEED), x-ray photoemission spectroscopy (XPS), and analysis of photoelectron extended fine structure (PEFS). The LC phase has a p(2 × 2) structure with one Sn atom per unit cell, corresponding to a Sn coverage 0.25 ML; the HC phase has a structure of M = ( 2 1 1 3 ) (matrix notation) with two Sn atoms per unit cell, corresponding to a Sn coverage 0.40 ML. Structural models for the two phases are proposed.
I. INTRODUCTION
Controlling the growth of nanoscale structures is a fundamental task in research on nanotechnology and surface science. The deposition of one metal on the surface of another metal to form thin films or alloy has been widely exploited to modify or to create novel-surface properties, 1 which offers a way to investigate the formation of nanoscale structures and to develop a capability of manipulating matter on a nanometer scale. 2 Among numerous bimetallic systems, the Sn-Cu alloys, known as bronzes, have drawn much attention because of their important role in the development of early civilizations. Because of the large difference in the sizes of Sn and Cu atoms, the surface of the Sn-Cu system possesses diverse properties and is commonly utilized as a model system to investigate the dynamics of formation of heteroepitaxial films and surface alloys. The deposition of Sn on Cu(100) has been extensively investigated, and numerous ordered phases were identified with a submonolayer coverage. [3] [4] [5] [6] [7] In contrast to Sn/Cu(100), fewer phases were discovered in the Sn/Cu(111) system. No well-defined surface structure is identified when Sn is deposited on Cu(111) at 300 K, and subsequent annealing produces a surface with the p( √ 3 × √ 3)−R30
• structure, called the √ 3 phase in what follows, through the formation of a stable two-dimensional Sn-Cu alloy on incorporating the Sn atoms into the uppermost layer of the Cu(111) surface. 3, 8 The alloying mechanism of Sn on Cu(111) attracted renewed attention when the migration of reactive Sn islands on Cu(111) was reported. Large, two-dimensional Sn islands on Cu(111) travel across the Cu(111) surface, leaving behind traces of surface alloys. 9 The speed of the traveling Sn islands, which is closely related to the rate of surface alloying, varies over several orders of magnitude, on altering slightly the substrate temperature near 300 K from ∼1000 nm/s at 350 K to ∼10 nm/s at 300 K to ∼0.1 nm/s at 260 K. 9 This dependence of the speed of the Sn islands migrating on Cu(111) indicates that the alloying of Sn into Cu(111) is almost completely preventable on lowering the substrate temperature.
In this work we investigated the growth of ultrathin Sn layers on Cu(111) under conditions of little or no surface alloying. On depositing Sn on Cu(111) at low temperature, we uncovered two novel nonalloying ordered surface reconstructions: a lower-coverage (LC) phase and a highercoverage (HC) phase. Both phases were investigated with low energy electron diffraction (LEED), x-ray photoemission spectroscopy (XPS), and analysis of photoemission extended fine structure (PEFS). Based on the results from our analyses, we propose structural models for the two phases. The fact that novel-ordered surface structures can result from the growth at a lower temperature justifies reinvestigations of many well-studied thin-film systems, especially those forming surface alloys near 300 K.
II. EXPERIMENTS
The experiments were performed at an end station attached to the wide-range spherical-grating beamline (BL24A) at National Synchrotron Radiation Research Center, Taiwan. The end station is an ultrahigh-vacuum mu-metal chamber with the base pressure less than 5 × 10 −10 Torr. The end station houses a LEED instrument, a differentially pumped ion gun for sample cleaning, an electron-energy analyzer (SPECS PHOIBOS 150) for measurements of XPS and angle-resolved photoemission spectra, and an evaporator for Sn deposition. A Cu(111) single crystal (diameter 1 cm) is mounted at the bottom of a manipulator containing electrical and liquid nitrogen feedthroughs; the sample temperature, measured with a thermocouple junction (type K) attached directly on the sample, is variable from 100 to 1000 K. The Cu(111) surface was cleaned with Ar-ion sputtering and annealing in repeated cycles until a sharp p(1 × 1) LEED pattern and the Shockley surface state 10 were obtained. Tin was evaporated from a crucible heated with electron bombardment; the same evaporating conditions were used throughout the experiment. The rate of deposition was ∼0.04 ML/min, as calibrated with a quartzcrystal microbalance (on another vacuum system) and with the coverage-dependent reconstructions of Sn/Ge(111) 11, 12 (on the same vacuum system). Here 1.0 ML is referred to as 1.77× 10 15 atoms/cm 2 required to form one complete Cu(111) surface layer. The relative error of the rate of deposition was less than 15%. The photoemission spectra were recorded with the axis of the acceptance cone normal to the sample surface; the photon beam impinged on the sample with incident angle 45
• from the surface normal. The photon energy employed was varied from 20 to 160 eV with energy resolution less than 30 meV. A digital camera remotely controlled through a computer was used to record the LEED patterns. The intensity of diffraction spots in the LEED patterns was modulated strongly with the kinetic energy of the incident electrons; the electrons with varied kinetic energies served to reveal all diffraction spots in each LEED measurement.
III. RESULTS AND DISCUSSION
A. LEED Figure 1 shows typical LEED patterns of the various surface structures observed on Sn/Cu(111). All LEED patterns in the figure were recorded with electrons of energy 106 eV, except Fig. 1 (f) acquired with electrons of energy 170 eV. A sharp LEED pattern of a p(1 × 1) structure was observed for clean Cu(111) [ Fig. 1(a) ]. The LEED pattern of clean Cu(111) remained p(1 × 1) when the temperature was lowered to 100 K (the lowest temperature achieved in this study). The deposition of Sn on Cu(111) at ∼300 K resulted in a diffuse LEED pattern with a strong background, sometimes mixed with faint spots of a p(
• structure (image not shown). After the sample was annealed at 550 K, the surface had a sharp LEED pattern of the p(
• structure [ Fig. 1(b) ]. Preceding work with ion-scattering and LEED showed that, in this √ 3 phase, the Sn atoms incorporate into the uppermost layer of Cu(111); the ratio of the populations of Cu and Sn is 2, corresponding to 1/3-ML Sn on the surface. 8 These results are insensitive to the Sn coverage. From our LEED observations, for a Sn coverage above 0.25 ML, annealing the sample at 550 K invariably results in the √ 3 phase. Excess Sn likely diffuses into the bulk Cu, leaving a two-dimensional surface alloy on the surface. 8 As mentioned in the Introduction, surface alloying between Sn atoms and the Cu(111) substrate is preventable on lowering the substrate temperature. 9 To explore the initial growth of Sn on Cu(111) without surface alloying, we deposited Sn (∼0.04 ML) repetitively with the sample at 100 K; the sample was characterized with LEED and XPS at 100 K after each deposition without further treatment, such as annealing. The result differed strongly from the one with deposition at 300 K, and two novel phases were uncovered. . Because the LC phase shows the sharpest LEED pattern with Sn coverage ∼0.2 ML, one Sn atom is indicated per unit cell of this p(2 × 2) structure. Both the p(2 × 2) structure and three domains of the p(2 × 1) structure generate a LEED pattern resembling Fig. 1(c) , but the p(2 × 1) structure is excluded for the following reasons. The LC phase exists solely with a Sn coverage less than 0.2 ML and coexists with the HC phase with the Sn coverage no more than 0.36 ML, which is much less than 0.5 ML required to form a complete atomic layer of the p(2 × 1) structure with one Sn atom per unit cell. Moreover, the interatomic distances of Sn and Cu in their elemental forms are 2.81 and 2.55Å, respectively, which enables a rough estimate that the Sn atom is about 10% bigger than the Cu atom. The Sn atoms are unlikely so closely packed to form the p(2 × 1) structure, especially when the LC phase is observed with a Sn coverage as small as 0.04 ML. The LEED pattern of the HC phase [Figs. 1(e) and 1(f)] comprises groups of six spots arranged in triangles with the spots of the p(1 × 1) structure. These LEED patterns satisfactorily match the simulated pattern [ Fig. 2(c) ] generated from three domains of the structure with M = ( 
B. XPS
The results from the XPS measurements are summarized in Fig. 3 . Figure 3 (a) shows representative photoemission spectra of the Sn 4d core level at various stages of the film growth; the spectra were measured with Sn coverages 0.12, 0.24, and 0.44 ML, corresponding to surfaces of LC, mixed, and HC phases, respectively. All spectra in the figure were measured with photons of 101.6 eV; they have zero binding energy at the Fermi level and are shifted vertically without scaling. Each spectrum comprises a doublet with an asymmetric line shape. With increasing Sn coverage, the asymmetry and the width of the line seem to alter slightly, but no additional core levels with distinct chemical shifts in the binding energy are resolved, which indicates that the chemical environment of the Sn atoms alters unsubstantially when the film is in varied phases. The intensity of the Sn 4d core level increases with increasing Sn coverage. To determine the relation between the integrated intensity (area under the curve) of the Sn 4d core level and the Sn coverage, each spectrum was fitted to the sum of a doublet consisting of two asymmetric Voigt line shapes and a polynomial background. During fitting, the spin-orbit splitting remained constant; other parameters, such as the branching ratio, the asymmetry of the line shape, the Lorentzian widths, and the Gaussian widths were either set to proper values or left free to vary; the various fitting settings produced results with imperceptible differences. Figure 3(b) shows the intensity of the Sn 4d 5/2 core level as a function of the Sn coverage. According to their LEED patterns, the figure is divided into regions with vertical dashed lines. The intensity of the Sn 4d 5/2 core level increases with increasing Sn coverage; its dependence on the Sn coverage is roughly linear with a break point at ∼0.36 ML. The dependence is illustrated with linear regression of the data below and above 0.36 ML; the results from these regressions are plotted as the red lines in Fig. 3(b) . The linear regression of the data of lower coverage is constrained to pass the origin. The varied dependence on the Sn coverage indicates that all deposited Sn atoms stay on the uppermost layer of the surface for Sn coverage less than 0.36 ML; for a Sn coverage exceeding 0.36 ML some Sn atoms begin to remain on top of other Sn atoms. This result indicates that all Sn atoms in both LC and HC phases are on the top of the surface and form a film of thickness one atomic layer.
C. The PEFS analysis
The LC and HC phases were further analyzed with PEFS, which employs the diffraction of photoelectrons to determine the atomic structure surrounding a selected chemical species. [14] [15] [16] [17] [18] [19] In addition to the LC and HC phases, the PEFS analysis was also applied to the well-studied √ 3 phase for comparison. After the desired structures with sharp corresponding LEED patterns were obtained, the Sn 4d core level was measured with photon energy in a range from 58 to 162 eV. For each phase, 34 spectra were measured. The intensity of the Sn 4d 5/2 core level in each spectrum was calculated with the fitting procedure described in the preceding section. Figure 4 sion intensities in all cases show similar variations: as the photoelectron kinetic energy increases, the intensities at first increase, attain maxima, and then decrease. The photoemission intensity of the Sn 4d 5/2 core level is closely related to both the flux of the incident photons and the photoionization cross section of the Sn 4d 5/2 core level. A similar overall variation in the photoemission intensities is expected, but distinct oscillatory modulations of the photoemission intensities were noticed. These modulations result from interference between the direct photoelectrons and the photoelectrons scattered by the atomic structure surrounding the emitter (or the atom emitting a photoelectron). [14] [15] [16] [17] [18] [19] Similar to Ref. 19 , all our spectra were measured in a direction normal to the sample surface with a small acceptance angle; the modulation of the photoemission intensity was dominated by backscattering from atoms located directly behind the emitter at a path difference 2R; R is the distance between the emitter and the scatterer. 19 The modulations of the photoemission intensity I (k) were extracted on calculating the so-called χ function:
is a smooth background function; and k is the wave vector of photoelectrons. The χ functions were then transformed with respect to the path difference to obtain the distribution functions of the scatterer position,
in which g(k) is a window function to avoid truncation errors from a finite k range. The calculated distribution functions |F (R)| 2 are shown as solid lines in Fig. 4(b) . The distribution functions exhibit one or two dominant features with maxima corresponding to the positions of the scatterers. For the √ 3 phase, one scatterer is located at ∼6Å. Because the nominal spacing between atomic layers normal to the Cu(111) surface is ∼2.08Å, the scatterer (Cu atom) is about three atomic layers below the emitter (Sn atom). For the LC phase one scatterer is located at ∼4Å, about two atomic layers below the emitter. For the HC phase, two scatterers are located at ∼3.8 and ∼6.3Å, which are about two and three atomic layers below the emitter, respectively. The strength of a PEFS analysis lies in its sensitivity to surface chemical composition and its ability to sense the atomic structure below the surface, but not in a precise determination of the scatterer position. Without an energy-dependent phase shift included in the transformation, the distribution function is smeared and distorted. 15, 16, 18 In addition various choices of I 0 (k) and g(k) might cause the calculated scatterer positions to shift slightly. Nevertheless, many options were tested in the transformation; the fluctuation in the scatterer positions is a few tenths of 1Å, which is smaller than the interlayer spacing (∼2.08Å). The scatterer positions determined in Fig. 4(b) are thus subject to error, but the derived relation between the scatterer positions and the inter-layer spacing remains correct.
D. Structural Models
From all information gathered from our experiments, structural models of the various phases of Sn/Cu(111) are derived as shown in The vertical blue dashed lines, drawn normal to the Cu(111) surface, connect the photoelectron emitter (Sn atom) to the scatterer (Cu atom) that plays the dominant role in causing the intensity modulation in our PEFS measurement. The proposed structural models for the LC and HC phases are based on the assumption of no surface alloying of Sn on Cu(111). Schmid et al. suggested that the surface alloying of Sn on Cu(111) is prevented almost completely at 260 K. 9 The Sn substitution of Cu on the first layer of Cu (111) is unlikely when the sample temperature is kept at 100 K. Figure 5 is meant to provide qualitative illustrations of the structures. As mentioned previously, PEFS analysis does not yield precise bond lengths in general. Surface reconstruction is typically accompanied with structural relaxation, of which the determination is beyond the capability of the techniques that we employed. The structural models proposed here nevertheless provide an effective initial point for further quantitative studies with other techniques, such as surface x-ray diffraction and structural optimization of a calculation from first principles. dimensional surface alloy, with ratio Cu/Sn = 2 of the populations. 8 Because of the fcc stacking, a Cu atom is located three atomic layers directly below the Sn atom, as indicated with blue lines in Fig. 5(b) . This observation agrees satisfactorily with the result derived from Fig. 4(b) and confirms the validity of our PEFS analysis.
The LC phase
The LC phase, which has the p(2 × 2) structure, has not been studied previously. Schmid et al. mentioned the first observation of a p(2 × 2) structure on the surface of Sn islands migrating on Cu(111) 9 but performed no further investigation on it. Our result indicates one Sn atom per unit cell of the p(2 × 2) structure, corresponding to 0.25-ML Sn on Cu(111). In addition our PEFS analysis indicates that a Cu atom is located two atomic layers directly below the Sn atom. Several possible adsorption sites on Cu(111) for the Sn atom include: on top of a Cu atom (T), a bridge site between two neighboring Cu atoms (B), and three-fold hollow sites with a Cu atom (H 1 ) and without a Cu atom (H 2 ) one atomic layer below the Cu(111) surface; they are labeled on the right side of Fig. 6 . Our result indicates that the Sn atom adsorbs on 20 Their result shows that the H 1 site is the most energetically favorable. Despite the H 2 site being less energetically favorable, the difference of adsorption energies between the two sites is only 28 meV.
The HC phase
The HC phase was not observed previously. Our result indicates two Sn atoms per unit cell of the (2113) structure, corresponding to 0.40 ML Sn on Cu(111). Our PEFS analysis shows Cu atoms to be located two and three atomic layers directly below Sn atoms, indicating that Sn atoms adsorb on the H 1 and H 2 sites, respectively. A structural model to fulfill all experimental observations is proposed in Figs. 5(e) and 5(f). In each unit cell one Sn atom occupies the H 1 site and another occupies the H 2 site. A question arises why, as there are several H 1 sites available in each unit cell, both Sn atoms do not occupy these H 1 sites, which seem the most energetically favored theoretically. 20 There are five H 1 sites and five H 2 sites in each unit cell of the (2113) structure. Figure 6 shows one unit cell of the (2113) structure on Cu(111), indicated with dashed lines, with one Sn atom already occupying the H 1 site. Some three-fold hollow sites are labeled; three H 2 sites in the unit cell are not labeled because they are too near the adsorbed Sn atom to be occupied by a second Sn atom. When a second Sn atom occupies sites a-d (the H 1 sites) and sites e and f (the H 2 sites), the distances between two Sn atoms are d Cu−Cu and 4/3d Cu−Cu , respectively; d Cu−Cu ∼ 2.55Å is the distance between Cu atoms. The preceding calculation predicted that adsorption of the Sn atom on Cu(111) favors the H 1 site over the H 2 site, but the energy difference between the two is small (28 meV). 20 As mentioned previously, the Sn atom is roughly 10% larger than the Cu atom. When the Sn coverage increases, the Sn atoms likely approach so near each other that the interaction between these Sn atoms makes it energetically unfavored for both Sn atoms to occupy the H 1 sites in each unit cell. Further theoretical analyses with a larger Sn coverage on Cu(111) are necessary to clarify this issue.
Two H 2 sites (sites e and f) are equivalent in the sense that the surface has the same energy and generates the same LEED pattern when the second Sn atom occupies either of them, but the two sites cannot be related through operations of translation and rotation on the surface lattice. Considering the three-fold symmetry of the surface, up to six equivalent structures thus coexist in the HC phase. The techniques with large probing sizes, such as the LEED and XPS in this work, deliver only mixed signals of all structures, but techniques utilizing scanning probes with atomic resolution might resolve the domains with distinct equivalent structures on the surface of the HC phase.
E. Nonequilibrium growth at low temperature
The discovery of two novel ordered phases with growth at low temperature was unexpected. Overbury and Ku investigated the surface of Sn/Cu(111) with alkaline ion scattering and LEED and stated explicitly that a p(2 × 2) structure was not observed. 8 Aguilar et al. performed Monte-Carlo simulations and concluded that Sn atoms are almost entirely incorporated into the uppermost surface plane of Cu(111) to form the √ 3 phase even at 100 K, 3 which apparently contradicts the experimental results reported here. The LC and HC phases of Sn/Cu(111) were not observed previously likely because the growth of Sn on Cu(111) was performed at or above ∼300 K, at which the effect from surface alloying is significant. 9 With the prevention of surface alloying between Sn and the Cu(111) substrate at low temperature, Sn atoms are able to stay on top of Cu(111) to form ordered structures. A low temperature is traditionally avoided during film growth because of the decreased mobility of surface atoms. The idea behind the growth at low temperature is to grow the film in a nonequilibrium process. Instead of proceeding to the most stable state directly, the system is trapped in a metastable state because of the limited energy available to the system. Our result indicates that revisiting thin-film systems with growth at low temperature might be worthwhile, especially for those thin-film systems that form surface alloys near 300 K and of which the surface atoms remain mobile at a lower temperature.
IV. SUMMARY
By decreasing the temperature of the Cu(111) surface during growth of ultrathin Sn films, we discovered two nonalloying surface phases, the LC and HC phases. These two phases, together with the √ 3 phase, were investigated with LEED, XPS, and the PEFS analysis, and their structural models are proposed. The ideal LC phase has a Sn coverage 0.25 ML and a p(2 × 2) structure, with one Sn atom per unit cell occupying the H 1 site. The ideal HC phase has a Sn coverage 0.40 ML and the (2113) structure, with two Sn atoms per unit cell; one Sn atom occupies the H 1 site and the other occupies the H 2 site. The physical and chemical properties of these novel reconstructions require future investigation with other experimental and theoretical approaches, such as scanning probe microscopy, surface x-ray diffraction, and theoretical calculation. The success of our growth at low temperature encourages revisiting other thin-film systems of which the film growth has not been investigated at low temperature.
